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Momentum Dependent Spectral Changes Induced by the Charge Density Wave in2H-TaSe2
and the Implication on the CDW Mechanism
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We report a high energy and high angular resolution angle resolved photoemission study of2H-TaSe2
at temperatures both above and below the charge-density-wave (CDW) transition. In the normal state,
an extended saddle band very close to the Fermi energy was observed. The CDW-induced energy
gap is near zero on a well defined Fermi surface and large in the extended saddle band region. The
implication of these results on the CDW mechanism is discussed. [S0031-9007(98)06472-2]

PACS numbers: 71.45.Lr, 79.60.Bm
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Many layered transition-metal dichalcogenides, in the
various polytypes, exhibit a range of charge-density-wa
(CDW) transitions. The structural and transport properti
associated with the CDW have been well studied [1
In general, compounds with the1T structure, such as
1T -TaS2, have a strong first order CDW transition. The
in-plane resistivity increases in the CDW state. On th
other hand, compounds with the2H structure, such as
2H-TaSe2, have a weak second order CDW transition
The in-plane resistivity decreases in the CDW state.

2H-TaSe2 undergoes an incommensurate CDW tran
sition at 122 K, followed by a commensurate CDW
transition at 90 K [1]. In the commensurate CDW state
the material has a3 3 3 superlattice aligned along the
same axes as the unreconstructed1 3 1 lattice. 2H-TaSe2
is one of the first materials to be studied by angle resolv
photoemission (ARPES) [2]. The energy resolutio
was rather poor at that time and the measurements w
usually made at room temperature. In recent years, t
energy and angular resolutions have gradually improv
and cryogenic temperatures can be achieved. Smithet al.
[3] first carried out ARPES studies of2H-TaSe2 in the
presence of CDW. The CDW-induced energy gap ne
the Fermi energysEFd was not investigated, probably due
to insufficient energy resolution. More recently, Darde
et al. [4] performed ARPES measurements of2H-TaSe2
using a high energy resolutionsDE  20 meVd but
moderate angular resolutions63±d spectrometer. They
measured the spectra at two emission angles along
G-K direction above and below the CDW transition
temperature, and found that the CDW-induced spect
changes nearEF are very different at these two angles
Because of their limited angular resolution, the detaile
angular dependence of the energy gap was not determin
ARPES studies of the CDW-induced spectral chang
in the quasi-one-dimensional blue bronzes (K0.3MoO3

and Rb0.3MoO3) and sTaSe4d2I have been reported
by Dardelet al. [5] and Terrasiet al. [6], respectively.

In this Letter, we report a high energy and high angul
resolution (DE  30 meV, Du  61±) ARPES study of
762 0031-9007y98y80(26)y5762(4)$15.00
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2H-TaSe2. In the normal state, we observed an extend
saddle band alongG-K. This band is nearly flat and ver
close toEF , much closer than what band theory predicts.
well defined Fermi surface was observed near theG point.
Another Fermi surface, although somewhat ambiguo
was also observed near theK point. In the CDW state,
the energy gap is found to be near zero on the well defi
Fermi surface and large in the extended saddle band reg

Single crystal samples of2H-TaSe2 were grown using
the iodine-vapor transport method. ARPES measurem
were carried out at the Ames-Montana ERG-Seya be
line at the Synchrotron Radiation Center, in Stoughto
Wisconsin. A movable 50-mm-radius hemispherical ele
tron energy analyzer was used. The combined (elec
and photon) energy resolution of the photoelectron sp
trometer was 30 meV at 1.5 eV pass energy and 21
photon energy. The angular resolution of the electron a
lyzer was61±, which corresponds to a momentum reso
tion of 0.073 Å21 for measurements near the Fermi lev
using 21 eV photons. Single crystal samples were o
ented using x-ray Laue diffraction prior to mounting in th
chamber. Clean surfaces were obtained by cleaving
sample in a vacuum better than3 3 10211 Torr. Samples
were cooled to 20 K using a closed cycle helium refrige
tor. A resistor heater was used to heat the sample ab
the CDW transition temperatures. Fermi level referen
was obtained on a clean platinum foil which was in ele
trical contact with the sample.

Figure 1 shows the energy distribution curves (EDC
in the normal statesT  125 Kd for k points along three
lines in the Brillouin zone. Figure 1(a) is fork alongG-K;
Figs. 1(b) and 1(c) are fork along two lines parallel to
but slightly away fromG-K (see the inset of Fig. 1). The
kx and ky values marked along each curve, in Å21, are
momentum components parallel and perpendicular toG-K ,
respectively. TheG andK points are atskx , kyd  s0, 0d
and s1.22, 0d, respectively. All spectra were normalize
to photon flux. In Fig. 1(a), there is very little spectr
intensity at EF at skx , kyd  s0.36, 0d (bottom curve).
[The EDC’s for skx , kyd before s0.36, 0d (not shown) all
© 1998 The American Physical Society
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FIG. 1. Energy distribution curves (EDC’s) in the normal statesT  125 Kd, for k points along three lines in the Brillouin zone
(a) alongG-K; (b) and (c) along two lines parallel to but slightly away fromG-K. Thekx andky values marked along each curve
in Å21, are momentum components parallel and perpendicular toG-K, respectively. TheG and K points are atskx , kyd  s0, 0d
ands1.22, 0d, respectively. All spectra are normalized to photon flux. The inset (top) shows the irreducible wedge of the Bri
zone with the Fermi surfaces predicted by band calculations [7]. (A: kz  0; B: kz  2pyc; C: kz  pyc. The separations
between them indicate the amount ofkz dispersion.) The three lines corresponding to thek points in (a), (b), and (c) are also
indicated.
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have very low intensities atEF .] When skx , kyd is
changed tos0.44, 0d, a strong quasiparticle peak appear
at EF , suggesting that a band has moved from aboveEF
to belowEF at this point. Thus,skx , kyd  s0.44, 0d is a
point on the Fermi surface. Ask is further increased, the
peak splits into two peaks. One disperses to a maximu
binding energy of about 0.25 eV before dispersing ba
toward EF ; the other stays close toEF for an extended
region, as indicated by the vertical dashes (the dashes
placed at the apparent peak positions, which are not
true binding energies, as will be explained below). No
that the latter is extremely close toEF and very narrow
since the Fermi level (the vertical dashed line) lies abo
the midpoints of the leading edges. When a peak is clo
to EF , the apparent peak position is not the true bindin
energy due to the effect of the finite resolution function
When skx , kyd is changed froms0.79, 0d to s0.85, 0d, the
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spectral feature nearEF becomes broader and its line
shape changes from a peak to a shoulder, suggesting
the band may have crossedEF at skx , kyd  s0.85, 0d.
This Fermi crossing, however, is not as well defined a
the first Fermi crossing, since there are still substanti
spectral intensities nearEF beyond skx , kyd  s0.85, 0d.
The flat band probably remains nearEF .

In Figs. 1(b) and 1(c), we see a similar general tren
Well defined Fermi crossings can be observed atskx , kyd 
s0.36, 20.07d and s0.33, 20.15d in Figs. 1(b) and 1(c),
respectively. These Fermi crossings, along with the one
skx , kyd  s0.44, 0d, form a Fermi surface locus centered
on the G point. Note that, in Fig. 1(b), the nearEF
band disperses significantly belowEF in the midrange, as
indicated by the vertical dashes. As the band dispers
back towardEF , it appears to crossEF at skx , kyd 
s0.85, 20.07d. In Fig. 1(c) wherek points are along a line
5763
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further away fromG-K , the band disperses even furth
below EF in the midrange, and appears to crossEF at
skx , kyd  s0.85, 20.15d. The second Fermi crossings i
Figs. 1(b) and 1(c) are more obvious than the one
Fig. 1(a) because the band has a finite dispersion.
fact that this band stays close toEF for an extended
region alongG-K and disperses belowEF in the direction
perpendicular toG-K in the midrange suggests that it is a
extended saddle band.

Shown in the inset of Fig. 1(top) is the irreducib
wedge of the Brillouin zone along with the Fermi surfac
calculated by Wexler and Woolley [7]. (The lines labele
A, B, and C correspond to the Fermi surfaces forkz 
0, 2pyc, pyc, respectively. The separations between th
indicate the predicted amount ofkz dispersion.) The
observed Fermi crossings are in good accord with
calculations.

Figure 2 shows the EDC’s in the commensurate CD
statesT  20 Kd for the same set ofk points alongG-K
as in Fig. 1(a) (in terms of the unreconstructed1 3 1 Bril-
louin zone). Again, the spectra were normalized to pho
flux. For comparison, the EDC’s in the normal statesT 
125 Kd were superimposed as the dashed curves. It
be seen that the CDW-induced spectral changes are hi
k dependent. Atskx , kyd  s0.44, 0d, which is a Fermi
surface crossing point, the change nearEF is relatively
small. The leading edge is slightly sharper at low tempe
ture, which can be accounted for by the reduced ther
broadening. The Fermi level remains above the midpo
of the leading edge, indicating that the CDW-induced e
ergy gap is very small or near zero. Forskx , kyd beyond
s0.44, 0d, the spectral changes are much more drama
Note that the leading edges shift significantly towa
higher binding energies at low temperature, indicating
removal of electronic states from the Fermi level.

During the experiment, measurements were repea
several times as the sample went through tempera
cycles between 20 and 125 K. The spectra were rep
ducible and no surface degradation was detected. M
surements with small temperature increments between
and 125 K showed that the spectral change is correla
with the CDW transition. As the sample temperatu
was changed from 20 to 125 K, the thermal expansion
the sample holder (made of copper) was approximat
0.2 mm. The photon spot was about 0.6 mm in diam
ter. Measurements were made both with and without
sample height adjusted to compensate for the thermal
pansion. The spectra were qualitatively similar but d
show some intensity difference, part of which may be d
to sample inhomogeneities, part of which may be due
slightly different alignment.

To quantify the momentum dependence of the ene
gap, we estimate the energy shift between the leading e
midpoints in the normal and CDW state. Different met
ods of determining the gap might change the numb
slightly, but will not change the curve shape. The ener
shift as a function ofk alongG-K is plotted in Fig. 3(a).
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FIG. 2. EDC’s in the commensurate CDW state (T  20 K,
solid curves), for the same set ofk points along G-K as
in Fig. 1(a) (in terms of the unreconstructed1 3 1 Brillouin
zone). The EDC’s in the normal state are superimposed as t
dashed curves for comparison.

Strictly speaking, a gap can be defined only on the Ferm
surface. Here, we also use the term “gap” for the ex
tended saddle band region, since there are states nearEF

at thosek points and they are affected by the CDW forma
tion. As can be seen, the energy shift is near zero atk 
0.44 Å21, which is a Fermi crossing point. It increases to
finite values in the extended saddle band region. At larg
wave vectors alongG-K sk . 1.05 Å21d, the energy shift
remains large (comparable tok  1.05 Å21), but the
spectral intensity atEF diminishes. Temperature depen-
dent measurements were made at other points on the Fe
surface centered on theG point, including a point along
G-M, the CDW wave vector direction. The energy shifts
at thosek points are all near zero [8].

Shown in Fig. 3(b) are the band dispersions (soli
circles) extracted from the EDC’s in Fig. 1(a). The solid
lines are the band calculation results by Wexler and Woo
ley [7]. The calculation predicts two bands nearEF , both
derived from thedz2 orbital of the Ta-5d electrons. The



VOLUME 80, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 29 JUNE 1998

l,

ts.
al
he

on
st

r,
gle
g
to
r

r

e
ng

s
nd
st
r
d

e
-

r
t
s
o

FIG. 3. (a) The energy shift vsk alongG-K. The energy shift
is taken as the binding energy difference of the leading ed
midpoints in the normal and CDW state spectra. (b) Norm
state band dispersions alongG-K extracted from the EDC’s in
Fig. 1(a) (solid circles). The solid lines are the band calculati
results by Wexler and Woolley [7].

splitting between the two bands is caused by intersandw
interaction within a unit cell. The two bands are almo
degenerate as they crossEF , once closer to theG point,
and again closer to theK point, forming the two Fermi
surfaces depicted in the inset in Fig. 1. Experimental
we also observed two bands. However, the dispersion
one band is larger than predicted, and that of the othe
much less. We note that Wexler and Woolley used a no
self-consistent and nonrelativistic method in their calc
lations. It is highly desirable to have a density function
calculation based on full potentials and including spin-orb
coupling. Our data should be compared with such a c
culation when it becomes available.

Traditionally, Fermi surface nesting has been conside
as the main mechanism for CDW formation. However, t
2H polytype transition-metal dichalcogenides are bet
conductors in the CDW phase [1], indicating that mo
of the Fermi surface is not affected. Rice and Sco
[9] proposed an alternative mechanism which invokes t
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saddle points on the Fermi surface [10]. In their mode
the CDW phase is metallic with only a relatively small
area of the Fermi surface truncated at the saddle poin
These saddle points act as scattering sinks in the norm
state and their removal can lead to an enhancement of t
conductivity. The validity of this model was questioned by
Wexler and Woolley [7] since their calculations place the
saddle point quite far belowEF . As we have shown above,
the saddle band is indeed very close toEF ; moreover, the
energy gap is large in the saddle band region and small
the other parts of the Fermi surface. Our results sugge
that the Rice-Scott model might be relevant. Howeve
we observed an extended saddle band instead of a sin
saddle point as in the Rice-Scott model. The nestin
property of the extended saddle band and its relation
the CDW wave vector are not yet clear and need furthe
investigations.

In summary, we performed high energy and high angula
resolution ARPES measurements on2H-TaSe2 at tempera-
tures both above and below the CDW transition. In th
normal state, we observed an extended saddle band alo
G-K , which lies very close toEF , much closer than band
theory predicts [7]. In the CDW state, the energy gap i
found to be large in the extended saddle band region a
near zero at other parts of the Fermi surface. We sugge
that our data provide possible experimental support fo
the “saddle-point” CDW mechanism proposed by Rice an
Scott [9].
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